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We assess the potentiality of several geometries of metallic nanodimers (one of the simplest ther-
moplasmonic systems) as candidates for active particles (nanoswimmers) propelled and controlled
by light (phototaxis). The studied nanodimers are formed by two spherical nanoparticles of gold,
silver, or copper with radii ranging from 20 to 100 nm. Contrary to most proposals, which assume
the asymmetry of the systems as a requirement for self-propulsion, our results show that nanodimers
made of identical nanoparticles are excellent candidates for phototactic self-thermophoretic systems.
Nonsymmetrical nanodimers, although having a tunable effective diffusion, possess much lower or
zero average thermophoretic forces. We show that the effective diffusion and the net thermophoretic
force in both types of systems depend strongly on the wavelength of the incident light, which makes
these properties highly tunable. Our study may be useful for the design of simple-to-make but con-
trollable self-propelled nanoparticles. This can find numerous applications ranging from autonomous
drug-carrying to controlling the self-assembly of complex nanomaterials.
I. INTRODUCTION
The design and control of nanomotors and molecular
machines is a subject of great interest that has under-
gone enormous development in recent years. Particularly
appealing are the so-called “nanoswimmers”, suspended
nanoparticles (NPs) that navigate through a fluid thanks
to mechanical forces that arise from inhomogeneities in
their surroundings 1–8. Such inhomogeneities can be, e.g.,
gradients of concentration (diffusiophoresis)9–14 or tem-
perature (thermophoresis)15–18. Self-propulsion may also
occur when nanoswimmers are able to produce their own
local gradients. However, in this case, it is more diffi-
cult to find the presence of taxis, or the guided motion
towards or away from a stimulus source.
As discussed in different reviews,3,5–8,19 the range of
applications of nanoswimmers (also called self-propelled
particles, autonomous particles, or simply active mat-
ter) is vast. Some of the most studied are related to
the possibility of increasing the reaction rates of chem-
ical reactions by integrating the catalytic agents to au-
tonomous particles. This may lead, from an improve-
ment in the performance of electrochemical sensors to
a decrease in the degradation time of contaminants,
just to mention some possibilities. Furthermore, the
use of nanoswimmers has also been extensively stud-
ied for different biological applications, as they may act
as autonomous drug carriers.5,8 Finally, collections of
nanoswimmers are a form of synthetic active matter that
has also been studied for controlling the self-assembly of
complex nanomaterials.16,19
Temperature gradients in the nanoscale give rise to
multiple effects that are able to generate net forces over
suspended NPs15,20. Those forces may arise from bubbles
formation on the surface of the NPs21,22, temperature-
induced local phase segregation of mixed solvents23, ki-
netic activation of thermosensitive reactions24, or simply
because of the Soret effect of the solvent interacting with
the surface of a particle having a temperature gradient
15–18,20,25–30.
Typical nanoswimmers found in the literature are
structures of different complexities but markedly asym-
metric, e.g., Janus particles. Mirror symmetry breaking
may seem like a necessary condition for these systems, as
there must be a preferential direction towards which to
move. However, because of retardation effects, when a
light source illuminates a NP the electromagnetic fields
around it are not necessarily mirror-symmetric along the
direction of illumination. In principle, this effect can then
be used to obtain a directed phototactic motion of highly
symmetrical nanoparticles. In such a case, the symmetry
breaking does not come from the structure itself but from
its interaction with an electromagnetic field with a given
direction. Simpler and symmetrical nanoswimmers, in
composition and structure, can be easier to produce and
to test experimentally. Furthermore, symmetries typi-
cally simplify and accelerate the theoretical calculations,
allowing one to explore a wider range of parameters. It
is interesting then, to study how simple and symmetri-
cal a thermophoretic nanoswimmer can be, while keep-
ing its ability to generate an externally controllable ther-
mophoretic force.
One of the most simple nanostructure to make in a
laboratory is a dimer made of spherical metallic NPs.
They can be synthesized with different techniques that
allow controlling sizes and separation between them31–34.
Moreover, some of these techniques can be extended to
non-noble plasmonic metals33,35,36. The interaction with
the light of nanodimers has an analytic solution and
there are simple methods to estimate the temperature
of each NP37. Additionally, a general scaling analysis
shows that nanoswimmers should be more efficient ener-
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FIG. 1. (A) - Diagram of a homodimer (two NPs of the same material) being illuminated by an electromagnetic field with
wavevector ~k. Depending on the relative orientation of the dimer and ~k, NPs 1 and 2 are heated at different temperatures, which
in turn causes a thermophoretic force. (B) - Scheme of an ensemble of thermophoretic nanoswimmers made of homodimers.
Arrows depict the thermophoretic force (~F ) expected for each orientation. Note that NP1 has a darker edge.
getically38 than microswimmers. However, in this case,
tighter control is desirable as Brownian forces become
more important in this size scale. Here, we study metallic
nanodimers as light-induced thermophoretic nanoswim-
mers, see Fig. 1. As we will show, even symmetrical nan-
odimers, made of the same material and radii, are able to
produce the asymmetrical temperature profiles required
to generate thermophoretic forces. Furthermore, those
systems show a phototactic character and a strong de-
pendence on the frequency, which can be important to
externally control the nanoswimmers.
This work is organized as follows. In section “The-
ory” we describe the theory used to calculate the light-
induced temperature difference between the NPs of the
nanodimer, and how this quantity is connected with the
different average thermophoretic forces to which an en-
semble of randomly oriented nanodimers is subject. In
section “Employed Methodology” we describe in more
detail the studied system and the numerical calculations
done to obtain the wavelength-dependent average ther-
mophoretic forces. In section “Results” we present the
main results of this work while in section “Conclusions”
we discuss their importance.
II. THEORY
The basis for the motion of thermophoretic nanoswim-
mers is the mechanical force that arises from the tem-
perature differences around the NPs. To achieve a tem-
perature gradient, a self-propelled particle should act as
its own inhomogeneous source of heat. This implies, for
light-driven devices, that the particles must have a dif-
ferential absorption rate along its structure. The differ-
ent parts of a NP may interact electromagnetically in
nonintuitive ways typically imposing the use of numeri-
cal methods. Therefore, for finding an estimation of the
forces that move the nanoswimmers, it is needed to ex-
plicitly solve two problems, namely the light scattering
and the photothermal conversion of the systems.
The full analytical solution for the light scattering of an
arbitrary array of spheres is widely known, and there are
several computational implementations of it39,40. The so-
lution is built from an expansion in spherical harmonics
of the incident, internal and scattered fields. The coef-
ficients of the expansion are then found by taking the
boundary conditions resulting from centering the coor-
dinates on each sphere and projecting the incident and
the scattered fields by using the translational theorem.
In this formalism, the total absorption cross-section Cabs
can be written as a sum over individual cross-sections
C
(i)
abs
39,40,
Cabs =
∑
i=1
C
(i)
abs. (1)
However, care must be taken as the terms C
(i)
abs does not
correlate properly with the power absorbed by the indi-
vidual NPs, W
(i)
abs, which is formally given by
41
W
(i)
abs =
ωε0ε
′′
2
∫
Vi
|E(r)|2 dr. (2)
Here, ω is the angular frequency, ε0 is the vacuum per-
mittivity, ε′′ is the imaginary part of the dielectric con-
stant of the material, and E(r) is the electric field inside
the volume Vi of each i-th sphere. Once all W
(i)
abs terms
are known, it is possible to estimate δT (i), which is the
steady-state temperature difference of NP i with respect
to the surrounding nonabsorbent medium. Here, we use
the Green’s function approach proposed by Baffou et.al37
to calculate δT (i),
δT (i) =
1
4piκ
(
W
(i)
abs
a(i)
+
W
(j)
abs
d
)
, (3)
where κ is the thermal conductivity of the surrounding
medium, water in our case, a(i) is the radius of the i-th
NP, and d is the distance from center to center between
the two NPs of the dimer. This approach assumes the
3temperature on each NP as a constants, which should
be a good approximation for metallic NPs, and considers
the NPs as point-like heat sources. Although deviations
may appear with respect to more realistic calculations,
the purpose of the present work is to address the general
behavior of the studied system and the physics behind
it, not the exact value of the thermophoretic forces. For
the same reason, we do not perform hydrodynamic or
molecular dynamic simulations25,26 to assess the exact
value of the thermophoretic forces F. Instead, we take
only the leading order of the expansion of F in terms
of the temperature difference between the NPs, ∆T =
δT (1)− δT (2), where we assume the force points from the
center of one NP to the center of the other one, see Fig. 1-
(A). In such a case, the thermophoretic force F can be
written as5,25
F = −αfkB∆T nˆ (4)
where nˆ is the unit vector that points from the center
of the sphere (2) to the center of sphere (1), αf is the
thermal diffusion factor and kB is the Boltzmann con-
stant. Note that, not only the magnitude but also the
sense of the vector F will be determined by the value of
αf . Numerical simulations show that the thermal dif-
fusion factor can be positive or negative depending on
the nature of the interaction between the NPs and the
surrounding medium25,26.
The presence of a thermophoretic force induces the
movement of the nanodimer in the direction of its bond.
Typically after a short time, friction forces balance other
forces and then the system reaches a steady-state with
average velocity V such that5,15,25
V =
1
γ
|F|, (5)
where γ is the friction coefficient. At micro and
nanoscale, the interaction with the environment not only
moves the center of mass of the NPs but also randomly
changes their orientation. The change in the orientation
of particles has two effects. On the one hand, it typically
averages the net velocity of the NPs to zero, but on the
other hand, it gives rise to an enhanced diffusive behav-
ior caused by V 6= 0. This behavior is usually described
by an effective diffusion coefficient Deff given by
1,13,
Deff = DT +
V 2
4DR
, (6)
where DT and DR are respectively the Brownian transla-
tional and rotational diffusion coefficients. Note that DT
is the diffusion coefficient of the particle at V = 0 (pas-
sive particle). Therefore, even if an ensemble of particles
has zero net force, the diffusive behavior of the system
can be anyway affected by thermophoretic forces as this
effect depends on the modulus of force only. For that
reason, it is important to not only study the mean ther-
mophoretic force 〈F〉, but also the average of its modulus
〈|F|〉.
When an ensemble of nanoparticles in solution is illu-
minated from a given direction, each particle senses light
from a different (random) direction, see Fig. 1-(B). In
this case, it becomes relevant to study the average force
over the nanodimers 〈F〉,
〈F〉 = iˆ 〈Fx〉+ jˆ 〈Fy〉+ kˆ 〈Fz〉 , (7)
where the 〈Fα〉s are the components of the average force
along the different axes α, and iˆ, jˆ and kˆ are the unit
vectors that set the direction of the axes. Let us take the
spherical coordinate system where the nanodimer direc-
tion nˆ matches the z axis, θ is the polar angle between
the wavevector k of the incident light and nˆ (θ = {0, pi}),
while φ is the azimuthal angle setting the projection of
the wavevector on the x−y plane (φ = {0, 2pi}). Now, be-
cause of the cylindrical geometry, only the angle θ and the
polarization of light are relevant quantities of the treated
system, see Fig. 1-(A). Therefore, the temperature gradi-
ent can only be a function of θ and the polarization angle
of light. Then, the components of the force are
Fx = −αfkB sin(θ) cos(φ)∆T (θ,pol) ,
Fy = −αfkB sin(θ) sin(φ)∆T (θ,pol) ,
Fz = −αfkB cos(θ)∆T (θ,pol) , (8)
while the components of the average force are
〈Fx〉 = −αfkB
4pi
2pi∫
0
cosφdφ
pi∫
0
∆T sin2 θdθ,
〈Fy〉 = −αfkB
4pi
2pi∫
0
sinφdφ
pi∫
0
∆T sin2 θdθ,
〈Fz〉 = −αfkB
2
pi∫
0
∆T cos θ sin θdθ. (9)
where ∆T is the value of ∆T averaged over the polar-
ization angle of light. Clearly the mean thermophoretic
force can only have a parallel component, 〈F//〉 = kˆ 〈Fz〉,
since its perpendicular component, 〈F⊥〉 = iˆ 〈Fx〉 +
jˆ 〈Fy〉, is always zero by symmetry.
Note that, although the average perpendicular force
〈F⊥〉 is null, its average modulus is not in general,
〈|F⊥|〉 = |αf |kB
pi
pi∫
0
|∆T | sin2 θdθ. (10)
where 〈|F⊥|〉 = 〈|Fx|〉 = 〈|Fy|〉. As discussed, the modu-
lus of the thermophoretic force is an important quantity
as it may give rise to enhanced diffusive behaviors. The
possibility of externally controlling the diffusion of the
system is one of the interesting aspects to be studied,
but this becomes even more appealing if the enhanced
diffusive behavior is anisotropic, i.e. if 〈|F⊥|〉 6=
〈|F//|〉
4where
〈|F//|〉 = |αf |kB
2
pi∫
0
|∆T | |cos θ| sin θdθ. (11)
This could lead to a way of controlling the diffusion coef-
ficient of NPs in a particular direction, a subject that can
be of interest in the field of active-particle dynamics42.
It is worth mentioning, that in this work we are only
interested in describing general properties of the ther-
moplasmonic forces acting on illuminated metallic nan-
odimers. For that reason, we do not consider explicitly
the constant αf and thus, throughout the manuscript,
forces are shown in arbitrary units and figures are dis-
cussed only in relative terms. Despite this, in the ap-
pendix “Estimation of thermophoretic forces and veloci-
ties” we provide a rough estimation of the average ther-
mophoretic force and the steady-state velocity of a par-
ticular example.
III. EMPLOYED METHODOLOGY
A. System Description
Fig. 1 shows a general diagram of the system treated
here, two spherical particles with radii r1 and r2 sep-
arated by a gap dgap. We numerically explore dif-
ferent geometries and materials of the dimers which
we label as “homodimer/heterodimer” and “symmetri-
cal/asymmetrical”. The terms “homodimer” and “het-
erodimer” stand for dimerical systems where the NPs are
of the same or different materials respectively. The terms
“symmetrical” and “asymmetrical” distinguish NPs of
the same (r1 = r2) or different (r1 6= r2) radii respec-
tively.
Notice that, independently of the size or material of the
particles, the system has always cylindrical symmetry.
Thus, only three parameters need to be varied for a fixed
geometry: the angle θ, the polarization of the incident
light and its wavelength λ. The wavelength was varied
in the 300 − 800nm interval. Such interval corresponds
to the extended visible range. Because we intended an
analysis independent of the polarization of the incident
light, we always average the results obtained from the
two orthogonal linear polarizations.
The model used to describe the system takes into ac-
count a nonabsorbent medium in which both particles
are immersed. In our calculations, we used the refrac-
tive index of water for the medium, n = 1.335238. This
value was taken from the literature43 and corresponds
to the average refractive index of experimental measure-
ments of pure water between 300nm and 800nm with a
temperature of 298K and a pressure of 1 bar.
B. General Procedure
This section details the general procedure employed to
obtain the force profiles of the studied nanodimers. We
wrote a code for the systematic analysis of the dimer
which automates all the steps described below. The code
used the open source subroutines developed by Pellegrini
and Mattei40 for the calculations of near fields within
the theoretical framework of the Generalized Multiparti-
cle Mie theory (GMM). To better illustrate all the steps
involved in the calculations, we take the silver (Ag) ho-
modimer as an example in Figs. 2-4.
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FIG. 2. Absorption powers (Wabs) of each NP of an Ag-Ag
dimer in aqueous solution as a function of the wavelength λ
and the polar angle θ of the incident wave. The separation gap
is 5nm and r1 = r2 = 20nm. The results shown correspond
to the average of the different polarizations of the incident
light.
Outlining the system. We first set the values of all the
parameters that define the dimer: both NPs radii ( r1 and
r2 ), the distance between them (dgap) and its constituent
materials. The latter relies on literature’s experimental
measurements of the complex electrical permittivity con-
stant () of the material, determined for a range of inci-
dent wavelengths. For the case of the main example, it
consists of a Ag homodimer with r1 = r2 = 20nm sepa-
rated by a gap dgap = 5nm. The values of the complex
electrical permittivity () of Ag were taken from the ex-
periments done by Ferreiro et al44. The optical constants
for the other materials (Cu and Au) also come from ex-
perimental measurements, see Refs.45,46.
The exploration of the polar angle (θ = {0, pi}) was
made by steps of pi/45. Each configuration for a given
θ was evaluated for an incident light of wavelengths be-
tween 300nm and 800nm, by steps of 2nm. This explo-
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FIG. 3. Normalized temperature difference between the NPs
of an Ag-Ag dimer as a function of the wavelength λ and the
polar angle θ of the incident light. The parameters of the
dimer are the same as those of Fig. 2
ration defines a grid of 91× 251 points, where each point
is a different calculation of the same dimeric system but
for different incident light. Said grid was executed twice,
to take into account the two orthogonal polarizations of
the incident light.
Power absorbed by each NP. Each calculation of the
exploration grid consisted in the integration of the near
electric field to evaluate W
(i)
abs, see Eq. 2. The opera-
tion has to be made separately over the volume of each
sphere. Those results were then averaged between the
two orthogonal linear polarizations. That allowed the
generation of 2D maps of the integrated quantities as a
function of wavelength λ and polar angle θ of the incident
light, see Fig. 2.
Although thermophoretic forces will be shown after-
ward in arbitrary units, the plot shown here of W
(i)
abs was
done by assuming an irradiance equal to 1 . 109W/m2.
This value was taken from Ref.47 and is within the order
of the values used in Ref.15.
Temperature differences. As explained in section “The-
ory”, we use the Green’s function approach for calcu-
lating the steady-state temperature of each NP37 with
respect to its surroundings, Eq. 3. Figure 3 shows the
temperature difference as a function of the wavelength of
the incident field, λ, and its angle of incidence (θ). In
the plot, this quantity was normalized to its maximum
values.
The values of ∆T were calculated using a somewhat
simplistic theory, Eq. 3, that although allowed us to ex-
plore a wide range of geometries and materials of the
dimers, it is expected to overestimate ∆T due to the un-
derestimation of interparticle thermal interactions. For
this reason, we only assume as valid the qualitative be-
havior of ∆T , and the quantities derived from it. In
this regard, in Ref. 47, the authors calculated ∆T as
a function of λ and θ for a symmetrical gold homod-
imer by using a more sophisticated numerical procedure.
They found, among other things, that the relative tem-
perature difference closely follows the relative power ab-
sorption difference. Note that for symmetrical dimers,
∆T ∝ (Wabs−1−Wabs−2) according to Eq. 3. Therefore,
even though the absolute values of ∆T may be overesti-
mated, at least in this case is clear that Eq. 3 provides
a good estimation of the qualitative behavior of ∆T .
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FIG. 4. Different components of the average thermophoretic
force of Ag-Ag dimers as a function of λ. The parameters of
the dimer are the same as those of Fig. 2. The forces are nor-
malized with respect to the maximum value of 〈F//〉/(|αf |kB).
Average thermophoretic forces. As discussed in section
“Theory”, the absolute value of the computed tempera-
ture difference (|∆T |) is proportional, within the approx-
imation used, to the modulus of thermophoretic force
acting on the dimer for fixed values of λ and θ. The di-
rection of the force is given by the versor (nˆ) pointing
from the center of one NP to the center of the other.
From the previously computed maps of ∆T (θ, λ), and
using Eqs. 9, 10 and 11, we calculate the mean paral-
lel component of the thermophoretic force (〈F//〉), its
average modulus (〈|F//|〉), and the average modulus of
the perpendicular component of the thermophoretic force
(〈|F⊥|〉). In Fig. 4 we show a typical plot of 〈F//〉, 〈|F//|〉
and 〈|F⊥|〉 as function of the wavelength λ of the incident
light.
IV. RESULTS
The first goal of this work is to assess the potential-
ity of metallic nanodimers as thermophoretic nanoswim-
mers. Fig. 4 shows that some metallic nanodimers
present strong phototaxis (〈F//〉 6= 0). Therefore, illu-
minated nanodimers such as the AgAg(20,20) (for silver-
silver symmetrical homodimer of r1 = r2 = 20 nm) will
not only present thermophoretic forces but they will also
exhibit net velocity parallel to the direction of illumina-
tion.
One surprising feature of the dependence of ther-
mophoretic forces with λ is the change of sign of the
average force 〈F//〉, see Fig. 4 at λ ≈ 450nm. To fur-
ther explore this point, in Figure. 5 we plot the total
power absorbed by the AgAg(20,20) nanodimer, as well
as the power absorbed by each NP as a function of λ. In
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FIG. 5. Absorption power of each NP (W
(i)
abs) and the total
absorption power (W totalabs = W
(1)
abs +W
(2)
abs) of an Ag-Ag dimer
being illuminated with light of wavelength λ and θ = 0. The
parameters of the dimer are the same as those of Fig. 2. In the
upper panel, Wabs is normalized with respect to its maximum
value. The insets in the lower panel show the intensity of the
electric fields inside the NPs (normalized with respect to the
incident field) for two values of λ.
the lower panel of the same figure, we showed the rela-
tive contribution of each NP to the total absorbed power
and, as insets, the electric fields inside the NPs for the
two wavelengths where 〈F//〉 has its maxima with differ-
ent signs. Clearly, the change of sign of the temperature
difference is a direct consequence of the concentration
of the electromagnetic fields over one or the other NP.
The same kind of phenomena has been observed before
for short chains of NPs.48–50 Retardation effects are the
main responsible for this behavior. Because of them, the
external field and the fields emitted by each NP interfere
constructively or destructively over each NP depending
on λ. This, in turn, causes that the NP closest to the
light source (or the other one depending on λ) heat the
most.
One important aspect of the system studied is the pos-
sibility of externally controlling the direction of motion
of the active particles. In this respect, the increase of
the effective diffusion coefficient due to thermophoretic
forces, see Eqs. 5 and 6, is an undesirable effect. As
shown in Fig. 4 for the case of AgAg(20,20), the in-
crease of the net thermophoretic force 〈F//〉 is usually
accompanied by an increase of the perpendicular diffu-
sion, related with 〈|F⊥|〉. Of all the geometries studied,
the AgAg(20,20) nanodimer shows some of the largest
value of 〈F//〉, or more precisely some the largest value
of 〈F//〉/|αf |kB , and one of the smallest value of 〈|F⊥|〉
relative to 〈F//〉. Moreover, the dependency of 〈F//〉
with λ, or the force spectrum, shows a sharp peak which
is also very sensitive to the geometry of the dimer. This
is an additional advantage since this feature can be used
to selectively control a given type of nanodimer with-
out affecting much the others. Therefore, although more
studies are necessary, our results suggest that the sym-
metrical homodimer made of silver NPs with a radius of
20nm seems like one of the most promising candidates for
a phototactic thermophoretic nanoswimmer (for radii up
to 40nm the system behaves similarly). In the follow-
ing, we will discuss some of the general characteristics
of other nanodimers, similar to AgAg(20,20) but made
with larger NPs, NPs of different materials (symmetrical
heterodimers), or NPs of different radii (asymmetrical
homodimers).
A. Homodimers and heterodimers
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FIG. 6. Force spectra for symmetrical homodimers (left)
and symmetrical heterodimers (right) made of NPs of silver
(Ag), gold (Au) and copper (Cu), with r1 = r2 = 20nm and
dgap = 5nm. We used the maximum of the force spectrum of
AgAg(20,20) to normalize the figures.
We first study some representative examples of the ef-
fect of the material of the NPs over thermophoretic forces
and the differences between homo- and heterodimers.
Fig. 6 shows the force spectra of symmetrical homo-
7and heterodimers made of different combinations of sil-
ver (Ag), gold (Au), or copper (Cu) NPs.
Although the value of αf may change with the ma-
terial of the NPs, our results suggest that the systems
that comparatively show the largest average tempera-
ture difference (〈F//〉/|αf |kB), and therefore the largest
thermophoretic forces, are those made of two NPs of the
same material. Also noteworthy is that the nanodimer’s
force profile appears to be highly sensitive to the mate-
rial. This may have important applications for develop-
ing new separation techniques, for example.
Unlike homodimers, the force spectra of heterodimers
show regions where the average force (〈F//〉) is negligible
while the average modulus of the parallel and perpendic-
ular components of the force (〈|F//|〉 and 〈|F⊥|〉) are still
important. This will cause the ensemble of nanodimers
to spread over all directions, without exhibiting a net
displacement. Although this fact makes them subopti-
mal phototactic nanoswimmers, they still present ther-
mophoretic forces (〈|F⊥|〉 6= 0 and 〈|F//|〉 6= 0) which
should alter their average velocities and hence the effec-
tive diffusion coefficients of the particles. It is interest-
ing that, within certain spectral regions, these systems
should exhibit anisotropic diffusion (〈|F⊥|〉 6= 〈|F//|〉).
The above facts imply that heterodimers can still be use-
ful for many purposes, e.g., to study in a controllable
manner the effect of the effective diffusion coefficient of
active particles on some property. Note that, accord-
ing to our results, the effective diffusion coefficient of an
illuminated nanodimer should depend on the laser’s in-
tensity and wavelength, besides the size and composition
of the NPs.
Another interesting aspect of heterodimers comes from
taking into consideration that the region of space illu-
minated by the laser is finite (the “light spot”). Then,
nanoswimmers reached by the beam of light will have
a greater effective diffusion coefficient than those in the
surrounding dark regions. After a while, that would en-
tail a depletion of nanoswimmers in the light spot; thus,
in the presence of inhomogeneous illumination, concen-
tration gradients should form.
B. Symmetrical and asymmetrical homodimers
Now let us analyze the effect of the size difference be-
tween the NPs of the dimer. Fig. 7 compares the force
spectra of Ag, Au and Cu symmetrical (r1 = r2) ho-
modimers (same material) with those of asymmetrical
(r1 6= r2) homodimers. As can be seen in the figure,
asymmetrical systems show in general similar average
forces (〈F//〉/αfkB) with respect to their symmetrical
counterparts but with much larger values of 〈|F//|〉/αfkB
and 〈|F⊥|〉/αfkB , i.e., ensembles of asymmetrical nan-
odimers should have a much larger dispersion. For that
reason, symmetrical homodimers seem to be better can-
didates for phototactic nanoswimmers with respect to
asymmetrical homodimers.
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FIG. 7. Force spectra of Ag, Au and Cu symmetrical homod-
imers (left) with r1 = r2 = 20nm, and force spectra of asym-
metrical homodimers (right) with r1 = 40nm, r2 = 20nm.
The gap is 5nm and we used the maximum of the force spec-
trum of AgAg(20,20) to normalize the figures.
C. Symmetrical homodimers of increasing radii
As we have shown, symmetrical homodimers seem like
the best candidates for thermophoretic nanoswimmers
controlled by light. The question that arises now is what
is the optimal size of the nanodimers. To address this
question, we systematically changed the radius of the
NPs from 20nm to 100nm by steps of 10nm (not all
the force spectra are shown in the figures). We purposely
exclude Cu homodimers from the analysis as they pos-
sess, by far, the smallest average temperature differences,
up to 2 orders of magnitude smaller compared with silver
nanodimers. The lower limit was chosen according to the
existing experimental difficulty for the synthesis of sta-
ble and monodispersed metallic NPs of radii lower than
10nm or 20nm. In addition, the absorption spectra of
Ag and Au NPs in a colloidal solution do not show signifi-
cant changes for radii beneath approximately 20nm51,52.
The upper limit of 100nm also corresponds to an exper-
imental limitation: large NPs in solution tend to coagu-
late and precipitate as aggregates.
Fig. 8 shows the force spectra of symmetrical Ag and
Au homodimers of different sizes. In general, the Ag nan-
odimers with a larger radius show more complex force
profiles than those of Au nanodimers. Another general
characteristic is that there is a redshift, for larger nan-
odimers, of the spectral region at which there is a change
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FIG. 8. Force spectra of Ag and Au homodimers with differ-
ent radii. The gap is 5nm and we used the maximum of the
force spectrum of AgAg(20,20) to normalize the figures.
in the sign of the average force (〈F//〉). Comparing the
different force spectra, we found that Ag nanodimers
with radii between 20−40 nm maximize the average tem-
perature difference (the maximum value of 〈F//〉/αfkB
is almost the same for these radii), while for Au nan-
odimers, the optimal radius is 50 nm.
V. CONCLUSION
We have shown that simple metallic nanodimers can be
excellent candidates for controllable active particles. As
such, the studied system possesses several advantages.
Firs, the proposed structures are some of the simplest
structures that can be made in a laboratory. Second, the
thermophoretic forces present phototaxis and a strong
dependence of 〈F//〉 with λ. This may allow controlling
externally the direction of the ensemble of active parti-
cles by simply changing the direction or the frequency
of the incident light, which may be important,e.g., for
applications involving drug-carrying. Indeed, changing λ
can even lead to the change of the sign of the average
force. Moreover, the strong dependency of 〈F//〉 with λ
could be used, in principle, to separate a particular nan-
odimer geometry from a mixture of monomers or even
nanodimers of different sizes and shapes.
It is interesting that often in the literature of active
particles it is assumed that an inherent asymmetry of the
nanostructures is a mandatory requirement for the can-
didate systems. On the contrary, this work suggests that
the more promising phototactic nanodimers are the most
symmetrical: the nanodimers made of identical nanopar-
ticles. The necessary mirror symmetry breaking comes
in this case from the direction of the incident light and
not from the structure itself.
Although more studies are required, especially to as-
sess the values of the αf coefficients, our results suggest
that the best candidates for phototactic thermophoretic
nanoswimmers are the symmetrical Ag homodimers with
radii between 20nm and 40nm. They should have, com-
paratively, the largest average forces 〈F//〉 (or at least
the largest average temperature differences) with the rel-
atively smallest values of 〈|F⊥|〉, which is associated with
the lateral dispersion of an illuminated ensemble of nan-
odimers. Additionally, the force spectra of these nan-
odimers show a narrow peak, which should help to tar-
get nanodimers of a given size to control them. The Au
homodimer with a radius of 50nm seems also like a good
candidate. It shows almost the same value of the average
temperature difference as that of AgAg(20,20), but the
peak is much wider in this case.
Despite that discussed above, heterodimers or asym-
metrical homodimers could still be useful for other pur-
poses. Interestingly, those systems present a controllable
diffusion but with minimal net displacement in general.
In this regard, our results suggest that the effective diffu-
sion coefficients can be tuned not only by a variation of
the size and composition of the NPs, but also by a vari-
ation of the laser’s intensity or wavelength. This may be
useful,e.g., for applications involving the control of the
self-assembly of complex nanomaterials.
As we mentioned, in this work we were not interested
in calculating the exact value of thermophoretic forces
but in describing general properties of these forces in il-
luminated metallic nanodimers. However, we believe our
results may be useful for guiding further experimental
and theoretical studies. In this respect, we hope that
the simplicity of the geometry studied encourages fur-
ther studies, especially from the experimental point of
view.
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9Appendix A: Estimation of thermophoretic forces
and velocities.
The net thermophoretic force ~F produced by a tem-
perature gradient ∇T can be computed by7
~F = −C∇T. (A1)
The coefficient C is given by (9piRη2ka)/(ρTkp), where
R is the radius of the particle, η is the fluid’s viscosity,
ka is the fluid’s thermal conductivity, kp is the particle’s
thermal conductivity, and ρ is the fluid’s density. We
will take ∇T equal to the temperature difference between
the NPs divided by the center to center distance between
them,
~F = −
(
C
2R+ dgap
)
∆T nˆ. (A2)
where dgap is the length of the gap between the NPs.
The friction coefficient can be calculated by assuming
the system as an ellipsoid moving at random53
γ = 6piη
a
ln(2a/b)
, (A3)
where a = 4R+dgap and b = R. Then, using R = 20nm,
dgap = 5nm, ka = 0.6Wm
−1K−1, kp = 427Wm−1K−1,
T = 293K, η = 10−3Pa · s, ρ = 103Kg/m3, and ∆T =
7.3 × 10−3K, we obtained |F | = 0.44 × 10−15N , γ =
0.55× 10−9Kg/s, and V = 0.8µm/s (∼ 10 body lengths
per second). For V we use Eqs. A2 and A3 on Eq. 5,
while for ∆T we take the value of
〈
F//
〉
/αfkB for the
AgAg(20,20) nanodimer being illuminated by a laser with
an irradiance of 106W/m2 at λ = 416nm.
Of course, the above values of F and V are just crude
estimates and deviations are expected. However, here we
only wanted to emphasize that thermophoretic forces on
metallic nanodimers can be important, especially consid-
ering that these systems present phototaxis and thus the
velocities do not average to zero.
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